Enterococci exhibit two types of resistance to streptomycin. Moderately highlevel resistance is observed in most naturally occurring strains and can be overcome by simultaneous exposure to penicillin. In addition, very high-level resistance is found in those strains against which penicillin plus streptomycin fail to produce synergism in vitro. To study the mechanism of streptomycin resistance in enterococci, ribosomes from a wild-type strain and from a highly streptomycin-resistant mutant were isolated, characterized, and studied in an in vitro amino acid incorporation system. The ribosomes from the organism with moderately high-level streptomycin resistance were sensitive to streptomycin in vitro, suggesting that this type of resistance is caused by failure of streptomycin to reach the ribosomes. Very highlevel resistance (and lack of penicillin-streptomycin synergism), on the other hand, appears to be due to ribosomally mediated streptomycin resistance.
Most strains of enterococci are resistant to streptomycin by conventional antibiotic sensitivity testing (22) . The addition of penicillin overcomes this resistance (i.e., produces synergism with streptomycin) in many but not all strains of enterococci (14) . Our previous investigations (15) showed that penicillin increases the uptake of labeled streptomycin both in cells which exhibit synergism and in mutants with very high-level streptomycin resistance, against which synergism no longer occurs. Hence, failure of synergism does not appear to be related to ineffectiveness of penicillin against these organisms. Other recent studies from our laboratory (R. C. Moellering, Jr., et al., Abstr. 10th lntersci. Conf. Antimicrob. Ag. Chemother., Chicago, 1970, p. 164) show a good correlation between very high-level streptomycin resistance [minimal inhibitory concentration (M IC) of streptomycin >2 mg/ml] and failure of synergism of penicillin and streptomycin. These findings suggest that enterococci have two types of streptomycin resistance: (i) moderately high-level resistance which occurs in most natural isolates and appears to be a permeability phenomenon, since it is reversed by agents which inhibit cell wall synthesis (15) , and (ii) very high-level resistance which appears to be mediated by a different mechanism and is not over-come by agents which inhibit formation of bacterial cell walls. Strains of enterococci with very high-level streptomycin resistance occur frequently in clinical isolates (R. C. Moellering, Jr., et al., Abstr. 10th Intersci. Conf. Antimicrob. Ag. Chemother., Chicago, 1970, p. 164).
The present study was initiated to attempt to determine the mechanism of very high-level streptomycin resistance, and hence of failure of synergism, in enterococci. Extensive studies of the mechanism of action of streptomycin have been performed with Escherichia coli (13) . In particular, streptomycin has been found to inhibit polypeptide synthesis both in vivo (6) and in vitro (7, 8) . Response to the drug in vitro is mediated by the ribosomes; the antibiotic exerts its inhibitory effect only when the ribosomes are derived from a strain sensitive to the drug but not when they are isolated from streptomycin-resistant cells (9) . Streptomycin also evokes extensive misreading or mistranslation of synthetic polynucleotide templates by ribosomes from sensitive cells, whereas ribosomes from streptomycin-resistant mutants are insensitive to this influence (4, 5) . The streptomycin-sensitive site in E. coli ribosomes has been localized to the 30S ribosomal subunit (2, 3) . Similar experiments have not been performed previously with enterococci, although studies of in vitro amino acid incorporation by enterococcal ribosomes have been described (12, 16) . ZIMMERMANN, MOELLERING, AND WEINBERG nism used for this study was an enterococcus (Streptococcus faecalis var. liquefaciens) isolated from the blood of a patient with bacterial endocarditis. The MIC of streptomycin for this organism was 400 ug/ml, and the minimal bactericidal concentration (MBC) was 800 lAg/ml. Penicillin plus streptomycin exhibited synergism against this organism (15) . A highly streptomycinresistant mutant of this strain (MIC, MBC >5,000 gg/ml) was also used. This mutant occurred spontaneously when the parent strain was incubated wit,h a streptomycin concentration slightly greater than its MIC. Penicillin and streptomycin together produced no synergistic effect on the high-level resistant strain. For purposes of this study, the wild-type parental strain will be designated streptomycin sensitive (Str*n), and the highly resistant mutant, streptomycin resistant (Strres). The parent strain is truly streptomycin sensitive, however, only in the presence of agents, such as penicillin, which affect cell wall synthesis.
The MIC and MBC for streptomycin were also determined by standard tube dilution methods (1) Samples containing poly U were incubated for 15 min, and those containing polycytidylic acid (poly C) were incubated for 30 min at 30 C. Incorporation was halted by treatment with hot trichloroacetic acid, and the resulting precipitate was collected on membrane filters (Millipore Corp.) which were then glued to planchets. Radioactivity was measured in a low-background gas-flow counter with an efficiency of about 20%. Data reported represent net poly U-or poly C-dependent amino acid incorporation, corrected for background incorporation assayed separately in the absence of polyribonucleotide template.
The S-150 protein fraction was prepared as follows. Packed E. coli cells, strain A19, were ground with twice their weight of alumina and extracted with three volumes of MNB. After low-speed centrifugation (12,000 x g) for 10 min, treatment with 5 Mg of deoxyribonuclease per ml for 10 min at 37 C, and centrifugation at 30,000 x g for 30 min, the resulting extract was centrifuged for 2 hr at 150,000 g. The upper two-thirds of the supernatant was removed from the tube and recentrifuged for 2 hr at 150,000 x g. The upper two-thirds of the supernatant was once again removed, dialyzed overnight against MNB, and frozen in small portions at -70 C. The dialyzed extract constitutes the S-150 fraction employed in the incorporation experiments. Figure 2 shows the frequency distribution of the MIC and MBC values for streptomycin against 27 strains of enterococci isolated from blood cultures. The MIC for streptomycin was 62 ,ug/ml or greater for all strains, and hence they were "'resistant" to streptomycin by the usual criteria. [Peak serum levels obtainable in patients are 25 to 30 qg/ml (24 Ribosomes from the two strains were also tested for misreading in a poly U-directed system. The incorporation of isoleucine and serine, amino acids not normally coded by poly U, was measured in the presence of streptomycin and paromomycin. The results are presented in the second and third lines of Table 1 . Ribosomes from both strains incorporated low levels of isoleucine and serine in the absence of antibiotics. In the presence of streptomycin, however, the incorporation of isoleucine by Str mn ribosomes was stimulated roughly 13-fold and that of serine, 4- fold. Streptomycin had no such effect on Strres ribosomes, and the same low levels of misreading were observed both in the presence and in the absence of this drug. Paromomycin-induced misreading was nearly equal in the two strains.
Measurements of poly C-dependent amino acid incorporation are shown in Table 1 , lines 4 to 6. The "correct" incorporation of proline and the misincorporation of histidine and serine by Strwn ribosomes were all stimulated in the presence of both streptomycin and paromomycin. Ribosomes from the Strres mutant were indifferent to streptomycin, however, whereas their response to paromomycin was unchanged by the mutation.
Incorporation of phenylalanine, isoleucine, and proline by Strsen ribosomes and of phenylalanine by Strres ribosomes as a function of Mg2+ concentration is illustrated in Fig. 3 . Parallel experiments were performed both in the presence and in the absence of streptomycin. Streptomycin inhibited the incorporation of phenylalanine by sensitive ribosomes at all Mg2+ concentrations (Fig.  3A) . Inhibition varied from 50 to 70% near the Mg2+ optimum of 17 mm to 30 to 40% at higher concentrations. Even though per cent inhibition declined at Mg2+ concentrations above the optimum, streptomycin clearly manifested its ability to interfere with phenylalanine incorporation throughout the entire Mg2+ range. As was the case for sensitive ribosomes, Strres ribosomes displayed a sharp maximum at 17 mM Mg2+, and their indifference to inhibition was evident throughout the range of Mg2+ concentrations tested (Fig. 3B) .
The optimum Mg2+ concentration for poly Udirected isoleucine incorporation was 12 mm (Fig.  3C) , although, in the presence of streptomycin, the maximum misreading occurred at decidedly higher concentration, i.e., 17 Finally, Fig. 3D depicts the manner in which poly C-dependent proline incorporation by Strmn ribosomes was affected by Mg2+ concentration. The optimum fell at 17 mm for incorporation of this amino acid, both in the absence and presence of streptomycin.
Ribosomes from Str wn and Strres strains of enterococcus were dissociated into 30S and 50S subunits by dialysis against buffer containing Mg2+ ions at a concentration of 0.0003 M, and the subunits were fractionated by sucrose density gradient centrifugation. The separated subunits were assayed independently for their ability to promote the incorporation of phenylalanine under the direction of poly U. Subunits were then reassociated to form the four possible combinations of 70S ribosomes which were tested for their response to streptomycin in vitro.
Isolated 30S and 50S subunits from either Str "n or Strres cells showed scant ability to support poly U-directed incorporation of phenylalanine (Table 2 , lines 1-4). The reassociated ribosomes were all active in promoting phenylalanine incorporation, however, and it is quite apparent that the combinations containing 30S subunits from Str wn cells were inhibited by streptomycin, whereas those containing 30S subunits from Strres were not (Table 2 , lines 5-8). The origin of the 50S subunit appeared to be immaterial in determining sensitivity to the antibiotic. When the poly U-directed incorporation of isoleucine was tested with the four sets of reassociated ribosomes, the high levels of streptomycin stimulation found with untreated 70S ribosomes were not detected ( Table 2 , lines 9-12). Nevertheless, the recombined particles which contained 30S subunits from the Strsen strain were stimulated to misread by a factor of slightly less than two, whereas the combinations containing 30S subunits from Strres were insensitive to streptomycin.
DISCUSSION
In our previous studies of antibiotic synergism against enterococci, we noted that these organisms exhibit at least two different types of resistance to streptomycin. The first is a moderately high-level resistance (MIC 62 to 500 Ag/ml) which is present in most naturally occurring strains. Moderate resistance can be overcome by agents which inhibit cell wall synthesis leading to synergism in combination with aminoglycoside antibiotics (15) . The second is a very high-level The moderately high-level resistance to streptomycin in naturally occurring strains of enterococci appears to be due to a relative impermeability of the organisms to streptomycin. It is overcome when the permeability barriers are circumvented. Our previous experiments which show increased uptake of labeled streptomycin in the presence of agents which inhibit cell wall synthesis (15) (15) . The present studies were undertaken to define the mechanism of this high-level resistance to streptomycin and to determine whether such resistance is ribosomally mediated.
Ribosomes and ribosomal subunits from enterococci proved to be physically similar to those from E. coli. At a high magnesium ion concentration (0.01 M), much of the ribosomal material was present in the 70S form. At lower concentrations of magnesium (e.g., 0.0003 M), the 70S particles reversibly dissociated into 30S and 50S subunits, as do E. coli ribosomes (21) . Further depletion of Mg2+ ions, either by dialysis into Mg2+-free buffer or by using ethylenediaminetetraacetate to chelate the divalent ions, resulted in the formation of subunit particles with decreased sedimentation rates. Similar decreases in sedimentation rates have been noted in Mg2+-depleted ribosomal subunits from E. coli and have been attributed to an expansion or unfolding of the normally compact ribosomal structure (10, 11) . It has been suggested that this structural alteration occurs because of mutual electrostatic repulsion among negatively charged groups within the ribosome that are normally screened by bound Mg2+ ions (20) .
Even though the wild-type parental strain used for these studies exhibited moderately high-level resistance to streptomycin, its ribosomes were sensitive to the effects of this drug. Streptomycin caused a decrease in the incorporation of labeled phenylalanine into trichloroacetic acid-precipitable peptides when added to a cell-free system containing wild-type enterococcal ribosomes and a poly U template. The antibiotic also promoted substantial misreading by these ribosomes, that is, the incorporation of isoleucine and serine in the presence of poly U and of histidine and serine in the presence of poly C, although the synthetic templates do not normally code for these amino acids. Ribosomes from the mutant strain with very high-level streptomycin resistance, however, were insensitive to inhibition of poly U-directed phenylalanine incorporation by the drug as well as to streptomycin-induced misreading.
The foregoing observations demonstrate that sensitivity and resistance to streptomycin in the enterococcus is ribosomally mediated, as previously found in E. coli (9, 13) . The effects of streptomycin on sensitive and resistant ribosomes were noted throughout the entire range of Mg2+ concentrations in which significant amino acid incorporation occurred. This strongly suggests that sensitivity or resistance to streptomycin in vitro reflects a property of the enterococcus ribosomes employed and that the experimental results cannot be attributed to the use of any one particular Mg2+ concentration in the cell-free system. The influence of supernatant factors on streptomycin or on enterococcus ribosomes was minimized by the use of a nonhomologous protein fraction from E. coli for incorporation studies. Furthermore, the mutation to streptomycin resistance is highly specific to that drug, since it does not alter the response of the ribosomes to paromomycin, a related aminoglycoside antibiotic. The mutation to streptomycin resistance in E. coli is also specific, altering the in vitro sensitivity of ribosomes to streptomycin but not to a variety of other aminoglycosides (5) .
By dissociating the ribosomes from sensitive and resistant bacteria into 30S and 505 subunits and then reassociating the subunits in various combinations, it was found that the streptomycinsensitive site is located in the 30S subunit. Mutation to streptomycin resistance changes this subunit in such a way that it is no longer susceptible to the production of inhibition and misreading by the antibiotic. Streptomycin sensitivity and resistance in E. coli is also mediated by the 30S ribosomal subunit (2, 3) , and it has recently been demonstrated that this characteristic is determined by a single structural protein of that particle (18) . In light of the extensive similarities between the ribosomes of enterococci and E. coli and the like manner in which ribosomes from the Str wn and Strres derivatives respond to aminoglycoside antibiotics in amino acid incorporation assays, it is likely that the streptomycin charac-teristic in enterococci is also determined by a protein component of the 30S ribosomal subunit.
Although the studies reported here suggest that the ribosomes of enterococci are similar in many respects to those of E. coli, the physiological response of the two bacterial species to streptomycin is not the same. Thus, most naturally occurring strains of enterococci are resistant to streptomycin as judged by conventional testing procedures. Nonetheless, ribosomes from the wild-type isolate tested here were sensitive to streptomycin, demonstrating that this moderately high-level resistance is not ribosomally mediated. Moderately high-level resistance must, therefore, result from the failure of streptomycin to reach the ribosomes; our previous work indicates that streptomycin is prevented from entering the cell because of a natural permeability barrier (15) . High-level streptomycin resistance, however, is clearly a property of the enterococcal ribosome, and this resistance appears to explain the failure of penicillin and streptomycin to act synergistically in certain strains of enterococci. Although the enzymatic inactivation of streptomycin might provide an additional mechanism of resistance, such a reaction has not been demonstrated in enterococci. Any effect of the soluble protein fraction from enterococcus was ruled out in the in vitro experiments reported here by using washed enterococcal ribosomes and a nonhomologous supernatant from E. coli. It therefore seems likely that the failure of synergism of penicillin and streptomycin which is seen in naturally occurring strains of enterococci (14) is due to ribosomal streptomycin resistance. If this proves to be the case in all strains, it would be of considerable interest since most clinically important resistance to streptomycin in gram-negative enteric bacteria has been thought to be due to resistance transfer factors or plasmids that code for enzymes capable of inactivating streptomycin (19) . Studies are underway to determine whether ribosomal resistance accounts for all highly streptomycin-resistant strains that are found in clinical isolates.
